The Coccolithoviridae is a recently discovered group of viruses that infect the marine coccolithophorid Emiliania huxleyi. Emiliania huxleyi virus 84 (EhV-84) has a 160 -180 nm diameter icosahedral structure and a genome of approximately 400 kbp. Here we describe the structural and genomic features of this virus, together with a near complete draft genome sequence (~99%) and its annotation. This is the fourth genome sequence of a member of the coccolithovirus family.
Introduction
Coccolithoviruses infect the cosmopolitan marine microalgae, Emiliania huxleyi [1] . These algae are capable of forming vast blooms which can be seen from space and can cover up to 100, 000 km 2 occurring in the top 50-100 m of the water column, with a cellular density of more than a million cells per liter of seawater [2] . E. huxleyi has become a species crucial to the study of global biogeochemical cycling [3] [4] [5] . The elegant calcium carbonate scales (known as coccoliths) which it produces intracellularly and the scale of its blooms have made E. huxleyi an essential model organism for marine primary productivity and global carbon cycling [6] . Coccolithoviruses have been shown to be a major cause of coccolithophore bloom termination and their pivotal role in global biogeochemical cycling has gained increasing attention. Coccolithovirus abundances typically reach 10 7 per ml in natural seawater under bloom conditions and 10 8 -10 9 per ml under laboratory culture. The model coccolithovirus strain EhV-86 (AJ890364), and two other similar but genetically distinct strains, EhV-84 and EhV-88 were isolated in 1999 from a coccolithophore bloom in the English Channel. EhV-86 was sequenced in its entirety in 2005 to reveal a genome of 407,339 bp. Two further strains, EhV-163 and EhV-99B1 were isolated in 2000 and 1999 respectively from a Norwegian fjord and have had their partial genomes also sequenced [7, 8] . All coccolithoviruses known to date have been isolated from the English Channel and a Norwegian fjord. Here we present a summary classification and a set of features for coccolithovirus strain EhV-84, the second English Channel coccolithovirus sequenced, together with the description of the sequencing and annotation of its genome.
Classification and features
All coccolithoviruses to date have been isolated from E. huxleyi algal blooms in temperate and sub temperate oceanic waters. Maximum likelihood phylogenetic analysis of available DNA polymerase gene sequences (DNA pol), one of the viral kingdom's phylogenetic markers (equivalent to 16S rDNA sequences in bacteria) indicates that the closest related viral strain to EhV-84 is EhV-86 and EhV-88 ( Figure 1 ). Both of these strains were isolated from the English Channel in the same year as EhV-84 [13] . The English Channel EhVs that were isolated in 1999 (EhV-84, EhV-86 and EhV-88) are more similar to other strains from the English Channel such as EhV-201, EhV-203, EhV-207 and EhV-208 isolated two years later in 2001, than strains such as EhV-163 and EhV-99B1 that are from a different geographical location; i.e. a Norwegian fjord. Interestingly EhV-202 seems to be the most different of all strains sequenced to date and this is also evident from full genome sequencing (data not published). Other algal viruses such as Paramecium bursaria Chlorella virus (PBCV-1), Micromonas pusilla virus SP1 (MpV-SP1), Chrysochromulina brevifilum virus PW1 (CbV-PW1), Ectocarpus siliculosus virus 1 (EsV-1), Heterosigma akashiwo virus 01 (HaV-01) are included here as an additional reference and they cluster outside the EhVs genus. The EhV-84 virion structure has icosahedral morphology, a diameter of 160 -180 nm (Figure 2) , and is similar to other coccolithoviruses (and phycodnaviruses in general) [14] . Isolation and general phylogenetic characteristics are outlined in Table 1 . Figure 1 . Multiple Sequence Alignment of the DNA pol (DNA polymerase) gene of ten coccolithoviruses (EhVs) and five other algal viruses. The evolutionary history was inferred using the Neighbor-Joining method [9] . The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed [10] . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches when greater than 50% [10] . The evolutionary distances were computed using the Maximum Composite Likelihood method [11] and are in the units of the number of base substitutions per site. All positions containing gaps and missing data were eliminated from the dataset (Complete deletion option). Phylogenetic analyses were conducted in MEGA4 [12] . 
Genome sequencing and annotation

Genome project history
The Marine Microbiology Initiative (MMI) of the Gordon & Betty Moore Foundation aims to generate new knowledge about the composition, function, and ecological role of the microbial communities that serve as the basis of the food webs of the oceans and that facilitate the flow of nitrogen, carbon, and energy in the ocean. In an effort to understand the ecology and evolution of marine phage and viruses and to explore the diversity and ecological roles of entire phage/viral communities through metagenomics, the Broad Institute collaborated with MMI and researchers whose sequencing nominations were chosen by the Marine Phage, Virus, and Virome Selection Committee to generate genomic sequence and annotation of ecologically important phage. EhV-84 was nominated for sequencing on the basis of its global importance in the demise of E. huxleyi blooms [13] , the horizontal gene transfer events observed in other coccolithovirus genomes [18] , the metabolic potential displayed by its large genome size and its possible manipulation of signaling pathways such as programmed cell death in its host organism [8, 19] . The genome project is deposited in the The Integrated Microbial Genomes (IMG) system and the complete genome sequence and annotation are available in GenBank (JF974290). Genome sequencing, finishing and annotation were performed by the Broad Institute. A summary of the project information is shown in Table 2 . 
Growth conditions and DNA isolation
Emiliania huxleyi strain CCMP 2090 was grown in 1 liter cultures (f/2 nutrient media) in the laboratory under a light/dark cycle of 16/8 respectively, at a temperature of 16°C. Once the cultures were at mid exponential growth (i.e. 4 × 10 6 ml -1 ), they were infected with an EhV-84 lysate at an MOI ratio of 1:1. Infection, host death and viral production were confirmed by flow cytometry. Fresh virus lysate was filtered through a 0.2 µm pore 47 mm diameter Durapore filter (Millipore). Viruses were concentrated by PEG precipitation, subjected to a CsCl gradient and the DNA extracted [8, 21] .
Genome sequencing and assembly
The genome of strain EhV-84 was sequenced using the 454 FLX pyrosequencing platform (Roche/454, Branford, CT, USA). Library construction, and sequencing were performed as previously described [20] . General protocols for library construction can be found at [22] . De novo genome assembly of resulting reads was performed using the Newbler v2.3 assembly software package as previously described [20] . Assembly metrics are as described in Table 3 . 
Genome annotation
Genes were identified using the Broad Institute Automated Phage Annotation Protocol as previously described [20] . In short, evidence based and ab initio gene prediction algorithms where used to identify putative genes followed by construction of a consensus gene model using a rulesbased evidence approach. Gene models where manually checked for errors such as in-frame stops, very short proteins, splits, and merges. Additional gene prediction analysis and functional annotation was performed within the Integrated Microbial Genomes -Expert Review platform [23] .
Genome properties
General features of the EhV-84 genome sequence (Table 4 ) include a nucleotide composition of 40.17% G+C (Figure 3 ), a total of 482 predicted protein coding genes and four tRNA genes (encoding amino acids Arg, Asn, Gln and Ile). Of the 482 CDSs, 85 (17.49%) have been annotated with functional product predictions (Table 4 ) and the genes have been categorized into COGs functional groups (Table 5) . 
Insights from the genome sequence Comparative genomics
Sphingolipid biosynthesis
EhV-84 shares the same sphingolipid LCB biosynthetic machinery as EhV-86 (all predicted components share 100% sequence identity, see Table 6 ). Interestingly, like EhV-86, EhV-84 also lacks a critical sphingolipid LCB biosynthetic activity, 3-ketosphinganine reductase [19] . There is now increasing evidence to suggest that these viral sphingolipid genes encode proteins that act in conjunction with the algal host sphingolipid biosynthetic genes to generate bioactive lipid(s). Indeed, ehv050 has been shown to encode a functional serine myristoyl transferase, and its expression has been observed under both laboratory and natural environmental conditions [24] [25] [26] . The perfect conservation of these genes suggests both a strong selection pressure and/or a relatively recent shared history between these EhV-84 and EhV-86 genes. The presence of the sphingolipid pathway on coccolithovirus genomes emphasizes the important co-evolutionary dynamics that occur within natural oceanic communities: the genes are examples of horizontal gene transfer events between the viruses and their host.
Phylogeny: DNA pol and MCP
Two genes, encoding DNA polymerase (DNA pol) and the capsid protein (MCP) have been extensively used as marker genes for different EhV strains within the phycodnavirus family and for the study of coccolithovirus diversity [24, 27, 28] . In EhV-86 the MCP gene (ehv085) is 1,602 bp long and DNA pol (ehv030) is 3,039 bp long. These protein coding sequences are often viewed as the viral kingdom's equivalent to 16S rDNA marker genes in bacteria, and are therefore commonly used in phylogenetic studies (Figure 1 ) [29] . DNA pol seems to be highly conserved in coccolithoviruses. For instance, despite their large size, ehv030 in the reference genome of EhV-86 and its homolog ENVG00144 in EhV-84 share a 100% identity to each other at the nucleotide level. In contrast, the MCP gene of EhV-86 (ehv085) and its homolog in EhV-84 (ENVG00202) are more variable, particularly in the 5′ and 3′ regions. Associated structural differences in MCP as a consequence of this variation may form the bases of the phenotypic diversity displayed by the coccolithoviruses with regards to host range. Such structural differences may also benefit the virus in its purpose of successfully infecting and attaching to the targeted host cells. The evolutionary arms race between the host and the virus is something that the virus must take into account and adapt to; and this might explain why this gene is so variable between strains.
These two common marker genes reveal an interesting pattern between EhV-86 and EhV-84. On the whole, the genomes are highly similar, yet subtle and some large (and potentially crucial) genetic differences do occur. The apparent difference in evolutionary divergence rates of core components such as DNA pol and MCP genes is intriguing and suggests that lateral transfer of material between different coccolithovirus genomes may be prevalent in the natural environment. The DNA pol gene may have a more recent shared evolutionary history than its MCP counterpart in the EhV-86/EhV-84 system. Through the sequencing of further strains we hope to shed light on this intriguing dynamic. 
Conclusions
EhV-84 is the fourth member of the coccolithovirus family to be sequenced to date. The genome reveals novel putative protein coding sequences, many of which have no current matches in the sequence databases. Many of the CDSs identified display high conservation with their counterparts in EhV-86, while a handful of highly variable CDSs suggest roles in evolutionary adaptation to their hosts and environment. Further sequencing of related strains will no doubt reveal more about the genetic and functional diversity of these cosmopolitan and environmentally important viruses.
